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Fabrication of Catheter-Tip  and  Sidewall  Miniature 
Pressure  Sensors 
MASAYOSHI  ESASHI,  HIROSHI  KOMATSU,  TADAYUKI  MATSUO, SENIOR MEMBER,  IEEE, MASAFUMI  TAKAHASHI, 
TAMOTSU  TAKISHIMA,  KENICHI  IMABAYASHI, AND HIDE0 OZAWA 
Abstracr-Silicon-diaphragm miniature pressure sensors, which use 
the piezoresistive effect, were developed for biomedical applications. 
We fabricated two  types of sensors; that is, a catheter-tip (1.2-mm out- 
side diameter, 0.17 mm  thick)  and a sidewall (1.4 X 3.45 X 0.22 mm) 
sensor, both having a thin circular diaphragm. Their  diaphragms, 10 pm 
in thickness and 0.55 mm in diameter, were formed  by an  electrochem- 
ical etching method. 
Since the  stability of pressure sensors is the  most  important require- 
ment for precise pressure measurements, attractive approaches have 
been investigated to improve stability. The major instabilities of the 
present miniature pressure sensors are electrical drifts caused by leak- 
age currents and thermal disturbances related to packaging stress. A 
shield and a  guard plate  can prevent the device from leakage currents. 
A thick  supporting rim structure of the sensor and  mounting  on a  stain- 
less steel support with  elastic  material contribute to eliminate the pack- 
aging stress. 
For the purpose of easy lead attachment to the catheter-tip sensor, 
we use a unique  structure having deep  contact holes in  deposited thick 
polysilicon  layer (0.05 mm thick). 
Experimental results are as follows: Initial drift after power up was 
improved to about one tenth. Thermal disturbances, as temperature 
zero  shift,  thermal  transient response, and  temperature cycle  hysteresis 
were  greatly  reduced. Lowtemperature  zero  shift of 0.2 mmHg/"C was 
obtained using a  simple temperature  compensation  method. Long-term 
drift was 0.6 mmHg/day. 
The catheter of 1.8-mm outer diameter having two sidewall sensors 
has  been  satisfactorily used for  the  study of urodynamics. 
I.  INTRODUCTION 
I N BIOMEDICAL RESEARCH, the need for small reliable pressure  sensor is without  question. By taking  advantage of 
the  advanced  state of the  art  for  integrated  circuit  processing, 
miniature  pressure  sensors of high  sensitivity  can  be  batch  fab- 
ricated with high yield at low cost. Several papers concerning 
silicon-diaphragm  pressure  sensors  for  catheter-tip  and  im- 
plantable  applications  have  appeared  in  recent  years [ 11 - [6] . 
There are many kinds of sensors such as piezoresistive or ca- 
pacitive pressure sensors, the absolute pressure sensor for im- 
plantation, or active sensors which contain monolithic signal- 
conditioning  circuits. 
For the monitoring of low pressures, such as intraveneous 
pressure,  urinary  pressure,  or  esophageal  pressure,  sensor  stabil- 
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ity is essential.  However,  in  present  miniature  pressure  sensors, 
this  sensor  stability,  which is a  common  and  fundamental 
problem  for  any  type of  pressure  sensor,  has not been  satisfac- 
torily  resolved and  restricts  the  use  of  these  devices [ 3 ] .  
The  main  purpose of  this  paper is to  find possible solutions 
to piezoresistive sensor instabilities such as electrical drift or 
thermal disturbance. I t  is considered that the electrical drift 
is caused  mainly  by  surface  leakage  and  reverse-biased  p-n 
junction leakage currents,  and  the  thermal  disturbances are 
caused  by  the  mismatch of thermal  expansion  coefficients  be- 
tween the sensor chip and its supporting material. The main 
feature of our approach to improve sensor stability is to  ob- 
tain a low eledtrical drift  by  the use of suitable shielding and 
guard structure  to  reduce  the  leakage  current,  and  to  eliminate 
the thermal disturbances by use  of a thick supporting rim 
structure  and elastic bonding  material  for  its  mounting. 
At the same time, to satisfy various medical requirements, 
we have fabricated  two  types of  pressure sensor;  one is a side- 
wall mounted sensor, the other is a catheter-tip sensor. They 
have the same circular diaphragm fabricated by electrochem- 
ical etching  technique. 
It is easy to assemble a multichannel-sensor catheter, which 
is advantageous to measure local pressures at several points 
simultaneously [4] , We have developed a two-channel-sensor 
catheter  and  applied  it  for  the  study of  urodynamics. 
11. DESIGN CONSIDERATIONS 
A. Piezoresistive Effect 
Silicon-diaphragm  pressure  sensors  are  very  common as 
miniature pressure sensors and their advantages are described 
in  many  other  papers [ 11 - [6] . Sensing elements of diffused 
piezoresistors  are  fabricated  at  the  surface of a  thin  circular  or 
square  diaphragm.  The stress magnification  properties  of  a 
clamped circular diaphragm are proportional to  the  square of 
the ratio of the diaphragm radius to its thickness. For a dia- 
phragm  diameter of 0.5 mm,  a  0.01-mm  thickness is required 
to  obtain  a  reasonable  sensitivity. 
The stress pattern on a  circular  diaphragm is simple and  the 
design principle of the piezoresistors' arrangement has been 
established [ I ] .  For  p-type resistors oriented  in  the [110] 
direction on a  (100)  diaphragm  plane,  the  fractional  changes  in 
the piezoresistors due to  the pressure-induced stress are given 
as follows [ 11 : 
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where 
r and t radial and  tangential resistors, respectively, 
7~~~ dominant piezoresistive coefficient  in p type  piezo- 
resistor, 
P pressure, 
h diaphragm thickness, 
V Poisson’s ratio, 
a distance  from  the  center. 
The above equation  shows  that  the  fractional changes in 
radial and tangential resistors have the opposite sign but the 
same magnitude of  piezoresistivity. Therefore,  by  connect- 
ing these sensing resistors in series, we can get high-pressure 
sensitivity  of 7 ~ ~ ~ ( 3 a ~ / 1 6 h ~ )  (1 - v )  for half-bridge and 
7~~~ (3a2 /8 h2 ) (1 - v) for full-bridge configurations. 
The value of the sheet resistivity of the piezoresistors was 
determined as follows: By going to high doping, we cannot 
get proper pressure sensitivity; however, light doping should 
be avoided to prevent the influence of parasitic leakage re- 
sistance.  In  this study, we adopted  asheet resistivity of 
200 !2/0 and 2 k!2 for each sensing resistor. A half-bridge 
configuration is used for a sidewall sensor and a full bridge is 
used for  a  catheter-tip  sensor. 
B. Electrical Drift 
There are several types of leakage currents in the piezore- 
sistive pressure sensor. They shunt the sensing resistors and 
their  fluctuations cause  initial and  long-term  drifts of the 
sensor output. To improve the electrical drift, we considered 
the following two  dominant leakage currents  among  them; 
that is, one,  a  surface leakage current on the  Si02 passivation 
film and  the  other,  the leakage current across the  field-induced 
p-n  junction of the  diffused resistors. The  latter is modulated 
by  the  fluctuation of the  electric field  on the  surface,  that is, a 
gate-controlled-diode  operation.  It is supposed  that surface 
impurities such as ions or moisture are responsible for such 
currents and they are polarized gradually by the applied volt- 
age to  the bridge. 
As an example,  a  fluctuation of a surface leakage resistance 
of 300 M i 2  (assumed) is equivalent to  a pressure change of 
1 mmHg  under  the  condition of 3 - k n  piezoresistors and  a  10- 
ppm/mmHg pressure  sensitivity. Such  a leakage  resistance 
must be avoided. 
The leakage current on Si02 surface can be reduced by a 
metal guard ring surrounding  the signal terminal. By using the 
guard-ring structure, the elastic field between the guard ring 
and the signal terminals (refer to Fig. 1) disappears and the 
surface leakage current  does  not flow into  the signal terminal, 
hence the drift due to  this current can be eliminated. On the 
other hand, the problem of the leakage current across the 
field-induced p-n junction  can  be solved by  a shield  metalliza- 
tion  applied  on  the  chip surface. 
These above two stabilization methods are realized simulta- 
neously by the circuit configuration given in Fig. 1. In this 
configuration, a half bridge is used and a shield plate is de- 
posited over the sensing resistors and  it also serves as a guard 
layer surrounding the signal terminal. This shield plate is ef- 
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Fig. 1. Bridge circuit of a sidewall  sensor. 
diaphragm 
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Fig. 2. Chip  structure of a sidewall  sensor. 
fective to keep  the SiOp surface potential  constant,  and  there- 
fore,  it  can  eliminate  the leakage current across the field- 
induced p-n junction. This shield plate is connected to the 
output of a voltage follower which detects the sensor output 
and hence there is no potential difference between the signal 
terminal and the shield plate. This plate, therefore, serves as 
the guard layer  and no leakage current will flow  into  the signal 
terminal. 
.Fig. 2 shows the structure of the sidewall sensor with the 
shield plate;  here  a Cr shield layer is evaporated over the sur- 
face  of the piezoresistors, also surrounding  the signal terminal 
and serving as a guard. 
C. Thermal Disturbance 
Thermal effects such as the temperature drift of the offset 
voltage, the  temperature cycle hysteresis,  and  the  transient 
response to an abrupt temperature change could arise in  a 
mounted pressure  sensor due  to  the  additional stress  caused by 
a  mismatch in the  thermal  expansion  coefficients  between  the 
sensor and its support. For this reason, the device structure 
should be designed considering the packaging problem. 
Some  excellent packaging methods have been invented. One 
example is a silicon chip bonded to a material with a similar 
temperature coefficient by electrostatic sealing [ 2 ] .  Another 
example is that of two similarly shaped silicon chips bonded 
back to  back  with  a  eutectic alloy [3] . 
The  approach  in  this  paper is to  fabricate  the  supporting rim 
of the diaphragm as thick as possible to  reduce  the packaging 
stress. The  method of bonding  the sensor chip  to  the  support 
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Fig. 3, Electrochemical  etching apparatus of a silicon wafer. 
is also integral in obtaining sensor stability. An elastic bond- 
ing material is preferable,  because  it  can serve as a buffer for 
the  stress  due  to  the  mismatch  in  the  thermal  expansion  coef- 
ficients previously described. 
111. FABRICATION 
To satisfy various medical requirements, we fabricated two 
types of pressure sensors; that is, one is a sidewall-mounted 
sensor and the other is a catheter-tip sensor. They have the 
same circular diaphragm, but different supporting rim struc- 
tures; that is, their geometries are compatible with sidewall 
and  catheter-tip  mounting  methods,  respectively. 
As these different supporting rim structures have to be fab- 
ricated  by  different  processes, we explain  these  processes 
separately as follows. 
A .  Thin-Diaphragm Fabrication by Electrochemical Etching 
Anisotropic etching of silicon has been generally used to  
fabricate  thin silicon  diaphragms  until  now,  but  the  method is 
not suitable  for  forming a circular  diaphragm. 
In this  work,  a  technique of  selective  electrochemical  etching 
to  form  flat,  circular  diaphragms  has  been  developed.  The 
starting  material is a (1 00)-oriented  epitaxial wafer of  0.22-mm 
thickness,  which is composed of an n+-type  substrate of 0.01 
S2 cm and  an  epitaxially grown n-type  layer of 10 pm in 
thickness  and  10 $2 3 cm. Electrochemical etching has the fea- 
ture  that  n+-type silicon is readily  etched, while n-type silicon 
is not [7] .  The etching speed ratio is about one thousandth. 
For this reason, highly doped n+-type substrate can be selec- 
tively etched  away  and  a  thin  and  flat  n-type  diaphragm  which 
is 0.55 mm in diameter and 10 pm in thickness is obtained. 
The  uniformity of finished  diameter is about + 5  percent. 
This electrochemical etching system actually used is shown 
in Fig. 3 ,  where the anode and cathode are kept as close as 
possible (approximately 0.5 mm apart) and the 5-percent HF 
solution is flowing  between  these  electrodes.  Since  the 
amount of  removed  material is proportional to  the  charge 
through  the  cell,  the  etching  behavior  can be monitored  with  a 
cell current integrator. The experimental results as shown in 
Fig. 4, in which, diameters D, d, and depth h are plotted at 
every 1 X lom5 C. From this figure, a 550-pm diameter can 
be obtained at the point of 5.2 X lo-' C (part (c) in the 
figure). 
Since the wafer is oxidized after diaphragm formation by 
electrochemical  etching, both sides of  the  completed  dia- 
phragm of the sensor are covered with an Si02 layer. This 
550urn 
Fig. 4. Dependence of etched profile of (100) silicon wafer with charge 
through the etching cell. The  anode voltage is 5 V, and  the  current is 
30 to  80 mA. The cross sections of the wafer are shown; (a), (b), and 
(c) .  
c r  . Cr-Cu-Au 
Fig. 5.  Fabrication process of a sidewall sensor. (a) Silicon epitaxial 
wafer deposited  with silicon nitride.  (b) Fabrication of  diaphragm by 
electrochemical etching. (c) Diffusion of sensing resistors and con- 
ductors.  (d) Metallization and chip  separation. 
Si02-Si-Si02  structure  can  compensate  the  stress  induced  by 
the  difference  of expansion  coefficients  between Si and 
Si02 [ 11. 
B. Fabrication Process for the Sidewall Sensor 
Eight sensors are batch fabricated from one 12-mm square 
wafer. The outline of the sidewall sensor fabrication process 
is shown  in Fig. 5,  and  the  sequence is  as follows: 
1) Silicon nitride (Si,N4) layers (3000 A in thickness) are 
deposited  on  both faces  of the silicon  epitaxial  wafer as a  mask 
for  electrochemical  etching  [Fig.  5(a)], 
2) After initial patterning of the substrate side with Si3N4 
etching  by  hot  phosphoric acid (170°C, 2 h),  the  diaphragm is 
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Fig. 6 .  Assembled sidewall sensor. 
formed using electrochemical etching [Fig. 5(b)]. This etch- 
ing takes  about 40 min. 
3 )  Si3N4 is stripped  off  by  a  50-percent  HF  etchant  and  the 
wafer is oxidized.  p-type sensing resistors  are next  defined  and 
boron is diffused  from  a  liquid diffusion  source  (BBr,). 
4) After patterning, p+ conductors which connect sensing 
resistors and  contact  pads are  diffused [Fig.  5(c)]. 
5) Contact holes  are opened,  and  after Cr evaporation 
(about 3000 a in  thickness),  the shield plate  pattern is formed 
by photolithography. 
6) Each of the sensors are separated from the wafer by Si 
etching  (HF : HNO, : CH, COOH = 12 : 1 : 2) and scribing [Fig. 
5(d)], The lead wires, applying emulsified lead-tin solder to 
the tip, are brought in contact with the pads and the whole 
structure is heated  to  melt  the  solder.  The sensor chip is 
mounted on a stainless steel pipe support of 1.5-mm outer 
diameter, which is finally  packaged in  a  catheter  (1.8-mm 
outer  diameter). 
The assembled sidewall sensor is shown in Fig. 6.  The shape 
of the sensor chip is designed to be easily built  into  a stainless 
steel pipe support. Sensing resistors and lead wires are faced 
to the inside of the catheter and are prevented from direct 
contact  with  blood  or  fluid. 
C. Fabrication Process for the Catheter- Xip Sensor 
The catheter-tip sensor is designed to facilitate lead attach- 
ment. A thick polysilicon layer of 0.05 mm in thickness is 
deposited  and  deep  contact  holes of 0.15-mm  outside  diameter 
in this polysilicon act as the guide for lead wire soldering. A 
full bridge configuration with four arm resistors is used and 
the shield metallization is not  applied  to  this  catheter-tip sen- 
sor for  simplicity. 
Fig. 7 shows the outline of the catheter-tip sensor fabrica- 
tion  process: 
1) Thin diaphragm and p-type sensing resistors are formed. 
The process sequence is the  same as that  for  the sidewall sen- 
sor  for process steps  1) to  3). 
2 )  After opening the contact holes [Fig. 7(a)], the SiBN4 
layer  and  the  thick polysilicon layer  are  deposited  [Fig.  7(b)]. 
This  polysilicon was deposited  from SiH4 at relatively low 
temperature  (700°C)  to  prevent  the wafer from bending. 
3) The wafer is oxidized  and Si, N4 is deposited. 
4) After  patterning,  Si3N4,  SiOz,  and polysilicon layers are 
etched away successively [Fig. 7(c)]. Polysilicon is etched by 
a Si etchant  (HF : HNO, : CH, COOH = 12 : 1 : 2). 
P ,SI02 
i. 1200umm , 
-polys!llcon 
Cr-Cu-Au 
Fig. 7.  Fabrication process of a catheter-tip sensor. (all Diffusion 
of sensing resistors and  contact hole  opening. (b) Dejposition of 
silicon nitride and thick polysilicon (about 0.05 mm). I(C) Etch:ing 
of polysilicon layer using silicon nitride as a mask. (d) Oxidation of 
polysilicon and contact hole reopening by silicon nitride  etching. 
(e) Metallization and chip  separation. 
5) The wafer is next  oxidized (4000 A) to insulate the  poly- 
silicon sidewall which has been exposed by etching. Contact 
holes  are reopened  by  Si3N4  etching  [Fig.  7(d)], 
6) Successive layers of Cr-Cu-Au are evaporated through a 
metal  mask  about 1 pm  in  total  thickness. 
7) After separation of each sensor chip by Si etching [Fig. 
7(e)], lead wires of 0.06-mm outside diameter are soldered 
and  then  the  chip is mounted  to  a stainless steel pipe support 
with  epoxy, which is finally  assembled to  a  catheter t.ip. 
The assembled catheter-tip sensor  is shown in Fig. 8  and  the 
photographs of a  catheter-tip sensor are shown in Fig. 9. Like 
the sidewall sensor assembly in Fig. 6, the diffused resistors 
of this sensor are not  exposed  to  outer fluid. The thick poly- 
silicon layer can also serve as a guide for attachment of the 
sensor to the support. The increased sensor thickness is also 
helpful to the thermal stability of the sensor for the reason 
discussed in Section 11-C. 
Finally, the outer surface of the sensor is covered with a 
protective overcoat of an opaque silicone rubber. This over- 
coat is also effective in  preventing sensor artifacts  due  to  light, 
and causes no change in sensitivity  or  hysteresis. 
IV. EXPERIMENTAL RESULTS 
A .  Basic Characteristics 
A  test  setup having a controlled  temperature water bath 
(within kO.2"C) was used to evaluate the pressure  sensors. 
The basic characteristics described in this section are similar 
for  both  the sidewall sensor and  the  catheter-tip  sensor. How- 
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Fig. 8. Assembled catheter-tip sensor. 
(b) 
Fig. 9. Photographs of a catheter-tip sensor. (a) Chip surface. (b) As- 
sembled to PVC tube. 
ever,  in  the  following  Sections IV-B and IV-C, we will discuss 
the characteristics  of  sidewall  sensors.  The  sensitivities  of  these 
sensors are in the range from  11  to  14  yV/VSupply/mmHg. No 
nonlinearity  or  hysteresis  caused  by  pressure  cycling  has  been 
observed within the limits of pressure found in the human 
body (0 to  300 mmHg). The temperature coefficient of sen- 
sitivity is typically - 2500  ppmj°C,  which  corresponds  to  data 
reported  earlier [4] .  
B. Electrical Drift 
An  initial  drift is ordinarily observed after  the device is 
powered up at a constant temperature (for example, 37OC). 
This  problem  has  been  nearly solved by  the  shield-plate  struc- 
ture. Fig. lO(a) and (b) shows typical examples of an elec- 
trical  drift  of  the sidewall  sensors  which  have  a supporting rim 
of 0.22  mm  in  thickness  and  are  bonded  to  the  support  with 
silicone rubber. Fig. lO(a) displays the data given by the de- 
vice with the shield plate, and while Fig. 10(b) displays data 
without the shield. The shield plate improved the stability 
during a 4-h turn-on transient. The advantage of the shield 
plate  in  suppressing the ini.tia1 drift is clear. 
On the other hand, the improved sensor shows some drift 
in  the  period  from  4  to  17  h  after  the  turn  on.  This  drift also 
depends on the supply voltage. For example, after the ini- 
Fig. 10. Electrical drift of a sidewall sensor after power up (Vs'supp~y = 
4 V).  (a) With shield plate. (b) Without shield plate. 
tial 10  h,   the drift rate at a supply voltage of 2 V was 0.07 
mmHg/h,  while  that  at 4 V  was 0.12  mmHg/h.  This  drift  rate 
of 0.12  mmHg/h  corresponds  to  the leakage current  change of 
1.3 nA/h. These data show that the drift can be reduced by 
decreasing the supply voltage, but the mechanism of this is 
unclear at  present. 
The long-term drift is typically 0.6 mmHg/day after three- 
days  run. 
C. Thermal Disturbance 
A  typical  output  zero  shift  with  temperature  corresponds to 
a pressure change of 3 mmHg/'C (average value between 20 
and 37OC). As this value is similar for  the device both  before 
and  after  bonding  with silicone rubber  (Corning  Co.  RTV 
3140),  the  cause  of  its  temperature  zero  shift is considered to  
be dominated  by  differences  in  the  temperature  coefficients of 
the  piezoresistors. 
On the  other  hand, devices which were bonded  eutectically 
to  a  stainless  steel  pipe  support  with Au-Sn  alloy (80 percent 
Au-20 percent Sn) showed a large temperature zero shift of 
about  30 mmHg/'C. This large shift is apparently caused by 
the  stress  due to  the  mismatch of the  thermal  expansion  coef- 
ficients between the sensor chip and the stainless steel pipe 
(the coefficient of linear expansion for Si is 2.4 X 10-6/oC 
and  for  stainless  steel  16.4 X lO-'j/OC). 
The  temperature  zero  shifts of  these  sensors  are so large that 
temperature  compensation  by an external  circuit is essential to 
biomedical  measurements.  This  compensation  method will be 
discussed later. 
The  transient  response to  an  abrupt  temperature change and 
hysteresis  due to temperature  cycling  are  important  problems, 
since they are nearly impossible to compensate. These prob- 
lems  depend  to  a  great  extent  on  the  packaging  method. 
Examples  of  1-h  response  after  an  abrupt  temperature  change 
from 20 to 37OC are shown in Fig. 11. The difference in re- 
sponse  between  the devices with  different  supporting rim 
thickness, bonding material, and shield plate can be seen by 
comparing the curves of Fig. 11. These phenomena are con- 
sidered to  be caused by gradual plastic deformation of adhe- 
sive resin due to the temporal packaging stress originated in 
the  temperature  nonuniformity. 
By comparing curves (c), (d )  and (e),  it  is confirmed  that  the 
thick  (0.22-mm)  supporting rim structure shows  a  smaller tran- 
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Fig. 11. Examples of transient response of sidewall sensors to an ab- 
rupt  temperature change from 20 to 37°C. The table shows the 
experimental conditions and drift rates after initial 1 h of each re- 
sponse curves ((a)-(e)). 
sient response than the thin (0.12-mm) one. Besides, smaller 
transient responses  were  observed with  the devices bonded 
with elastic silicone rubber (curves (e), ( d ) )  rather than that 
with relatively stiff epoxy resin (curve (a)). The device eutec- 
tically bonded with the Au-Sn alloy (curve (b))  has a large 
output  zero  shift  caused  by  a  temperature  change,  but  shows  a 
relatively small transient response to  an abrupt temperature 
change.  The reason is considered that  the  stress  applied  to  the 
diaphragm is large because of a large thermal expansion coef- 
ficient  difference  between  the  sensor  chip  and  the  support  ma- 
terial, but  the  transient  response  of  the  stress is small because 
of its rigid structure and the small thermal time constant of 
the  stainless  steel  support. 
The  drift  rates  after  the  initial  1  h are  shown  in  the  table of 
Fig. 11. The sensors ( e )  and (d), which are using a thick sup- 
porting rim structure and the elastic bonding material, also 
show  the  least  drift  rate (0.9 and  1.1  mmHg/h, respectively). 
The  temperature  cycle  hysteresis of the sidewall  devices, 
which have thick supporting rims of 0.22-mm thickness and 
are bonded on stainless steel pipe supports with silicone rub- 
ber, is less than  1 mmHg/OC. On the  other  hand,  the  tempera- 
ature cycle hysteresis of the devices with supporting rims of 
0.12-mm thickness or those bonded on a stainless steel sup- 
port with epoxy or Au-Sn alloy cannot be evaluated because 
of their large zero  drift as shown  in Fig. 11. 
These  experiments  point  out  to  the  superiority of the  pack- 
aging method using the  thick  supporting rim structure  and  the 
elastic  bonding  material. 
V. TEMPERATURE COMPENSATION AND 
INTERFACE  CIRCUITS 
Sensitivity  calibration,  zero  correction,  and  temperature 
compensation are necessary for each pressure sensor. These 
problems will be solved by making every sensor's character- 
istics uniform  by  incorporating  four  metal-film resistors within 
Fig. 12. A result obtained  from a clinical case with  normal voiding pat- 
tern. The traces, from top to bottom, revealed intravesical pressure 
(Pves), intraurethral pressure (Pura), intrarectal pressure (Prec), and 
uroflow rate (UFR), respectively. The former two were recorded 
simultaneously using a two-channel-sensor catheter,  and Prec was 
recorded by another similar catheter. The effect of postural change 
on these parameters is shown in  the  left half, and a voiding pattern 
was shown in the right half. Pves had elevated significantly at  vol- 
untary voiding, and  it was followed by marked decrease of Pura, re- 
sulting in micturition, which could be seen by the rise of the UFR 
trace. 
a connector as shown in Fig. 1. In this figure, R o  is for tem- 
perature compensation, R 1  is for pressure sensitivity adjust- 
ment,  R,  and  R3  compose  a full bridge with sensing resistors 
(R,, R,.) and are used to  adjust the offset voltage. Typical 
values for R , ,   R 3  are 2 kSZ, and  for R 1  is 550 SZ. 
The  temperature  compensation  method  for  a  half-bridge- 
type sensor is simple and explained as follows. At first, the 
resistance  values  of  each  piezoresistor R t  and  R, are  measured 
at  temperatures T I  and T2 (T1 > T 2 )  and  they  are  denoted as 
R,, , R,, , R,, , and R,, , respectively.  Under  the  temperature- 
Compensating condition,  the  ratio  of ( l /R t  + l/RO)-' and R, 
should  coincide  at both  temperatures T1 and T 2 ,  as  given 
below 
Rr 1 - 4 . 2  
( l /Rt l  + , (l/Rt, + 1/Ro)-' 
- (2) 
and,  therefore, 
The value of R o  is given by (3). I f R o  is negative, it  should 
be connected parallel to R,. This method is simple and easy 
and a temperature coefficient of about 0.2 mmHg/OC can be 
obtained  after  compensation. 
VI. MEDICAL APPLICATIONS 
The pressure sensors described above are being applied in 
several medical applications. A soft and small-sized urethral 
catheter, 1.8-mm outer diameter PVC tube, which contains 
two sidewall sensors, was developed for the study of urody- 
namics. Fig. 12 shows a result obtained from a clinical case 
with normal voiding pattern. In this application, the intraves- 
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ical and  intraurethral  pressures are  recorded  simultaneously  by 
this  two-channel-sensor  catheter. 
This  sensor  has  also  been  used to  monitor  the pressure  wave- 
form in heart ventricles in animal studies. In this case, a side- 
wall  sensor  was mounted  on  a  teflon  catheter  tube. 
The catheter can be soaked in disinfectant by sealing the 
connector part with a cap to prevent the catheter tube from 
the  infusion  of  disinfectant. 
VII. CONCLUSION 
Miniature pressure sensors for biomedical application have 
been developed. We have placed great emphasis on improving 
the  stability of such devices  by  reducing effects  such as initial 
drift, temperature drift, temperature cycle hysteresis, and the 
transient response to  an abrupt temperature change. Some of 
these  instabilities,  which  are  mainly  thermal  disturbances,  have 
a common origin due to the packaging stress. They are im- 
proved by bonding a thick supporting rim sensor  structure  to 
a stainless steel support with an elastic silicone rubber. This 
thick  sensor  structure was obtained using  electrochemical 
etching to  form  a  thin silicon diaphragm. 
The problem of initial drift during a 4-h turn-on transient 
was greatly  reduced  by  a  surface  metallization  which  serves  as 
a shield and  guard  plate to  prevent leakage currents. 
Catheter-tip  and sidewall  sensors for  the  multichannel-sensor 
catheter were fabricated.  Two-channel-sensor  catheter was 
applied  satisfactorily  for  the  study  of  urodynamics. 
Further detailed research is required to develop complete 
and totally satisfactory, long-term stable, miniature pressure 
sensors. 
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